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Foreword

This report was prepared as a part of the work authorized by the
U. S. Army Materiel Command in its letter (RD-SP-C) dated 14 June 1965,
subject, "FY 1966 Program Guidance (Task =-O1)."

Engineers of the Soils Division, U. S. Army Engineer Waterways Ex-
periment Station (WES), who were actively engaged in the planning, testing,
and analysis phases of the various studies that served as a basis for
preparation of this report were Messrs. W. J. Turnbull, A. A. Maxwell, W. L.
McInnis, R. G. Ahlvin, C. D. Burns, and D. N. Brown. This report was
written by Mr. W. B. Fenwick.

Director of the WES during the preparation of this report was
Col. John R. Oswalt, Jr., CE. Mr. J. B. Tiffany was Technical Director.
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DESCRIFTION AND APPLICATION OF AIRFIELD CONE PENETROMETER

Tntroduction

The airfield cone penetrometer

1l. The airfield cone penetrometer is an instrument which will assist
engineering personnel in determining an index of soil strengths for various
military and civil applications. The forerunner of the airfield penetrometer
was the trafficability penetrometer developed in 1946 by the U. S. Army
Engineer Waterways Experiment Station (wES), Vicksburg, Miss. The airfield
penetrometer, alsc developed by WES, can be used as an aid in the assessment
of the loadesupporting capability of forward landing strips and the traffic-
ability of ground supply routes, and can also be an aid in maintaining
field control during construction operations. It is compact, sturdy, and
simple enough to be used by persons who are relatively inexperienced in the
techniques of soil-strength determination.

Purpose and scope of report

2. The purpose of this report is to describe the airt'ield cone
penetrometer, {ts use, and the application of data obtained by its use.
The report includes {nformation which will assist in solving specific
trafficability problems. Also procedures are presented for using the aire
fleld penctrometer to measure soil strength and for correlating soil strength
vith the number of passes that can be made by aircraft having various wheel
loads and *ire pressures.
Definition of terms

3. Certain terms used in this report are defined as follows:

8. Alrfield index. A measure of soll strength obtained with the
airfield cone penetromcter.

b. Alrcruft pass. One takeoff or onc larding.

c. Coverage. One pass of a load vheel over each point vithin a
traltic lane. In the case of large, multipleavheel aircraft,
as feW as two passes may be required to apply one coverage;
for smaller, singleevhecl aircraft, as many as 10 to 20 passes
2y be required.

4. Single-whecl loai. The gross load supported by a single vheel
of a =ain laniing gear.




Lo

AW v AR AT s L R —rue

e. Equivalent single-wheel load. The load on a single-wheel
main gear which will produce effects equivalent to those
produced by the total load on a multiple-wheel assembly.

Correlation of Airfield Index with CBR

4. The California Bearing Ratio (CBER) is widely used to express
values of soil strength; many flexible airfield and highway pavements and
nearly all expedient-surfaced and unsurfaced roads or emergency landing
strips are built according to the CBR empirical design procedure. However,
the bulk and weight of the CBR apparatus and the considerable time involved
in conducting the CER test make the method impractical for rapidly evalu-
ating an airstrip. The airfield cone penetrometer was therefore developed
as an expedient strength reconnaissance and evaluation instrument. In
order to take advantage of available data on the soil strength or CER
required to support various aircraft which have been gathered over many
years, it was necessary to correlate the airfield index with CBR. CBR's
and airfield indexes were obtained from many sites and correlated; it was
found that the correlations varied somewhat for the different sites.
Therefore, users of the data presented in this report should be thoroughly
aware of the warnings given later in paragraph 22.

Description, Use, and Maintenance of Airfield Penetrometer

Description

5. The airfield cone penetrometer is a probe-type instrument designed
to measure soil strength. It Is shown in use in fig. 1 and in detail in
plate 1. It consists of a 30-dcg right circular cone with a base diameter
of 1/2 in. (arca equals 0.196 sq in.) mounted on a graduated staff; on the
oppesite end of the staff arc a espring, a load indicator, and a handle.
The overall length of the assembled peretrometer is about 36=1/8 in. For
case in carrying, the penctrometer can be disassembled into three main
pleces: two extension staffs, each 12-5/8 {n. long, and one piece l4-3/b in.
long which Includes the cone, handle, spring, and load indicator. Two
wrenches and an extra cone accompany the {nstrument and can be carried in

the nandle. The carrying case for the three pleces {s made of heavy duck.

n



T W - o —

The penetrometer (including the
wrenches) weighs about 2.6 1b.

6. The staffs are graduated
in 2-in. increments and are provid-
ed witia wrench flats to facilitate
assembly and disassembly. The
cone also has a wrench flat to
permit disassembly with an open-
end wrench. The handle is a metal
cylinder whi~h slips through a
ring at the top of the instrument.
When the instrument is disassem-
bled, the handle fits over the
bottom end of the largest piece
and protects the cone. The spring,
consisting of two separate sets of
interwound coils which act as a
single unit, is stretched (tension)
directly in proportion to the load
applied to the handle. The load-
indicating device is located in
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Fig. 1. Airfield penetrometer
in use

the housing and moves up or down as the load on the handle is varied. The

readings reflect the load at any particular moment. The trafficability

penetrometer* is similar to the airfield penetrometer (it has an additional

cone size) and can be used to make the same measurements, except for scale

readings. However, the trafficability instrument is not as portable or as

rugged as the airfield penetrometer.

The airfield penetrometer is light
enough and compact enough to be readily carried by an individual as supple-

mental equipment and is capable of withstanding rough handlirg during

transport, or when used in reconnaissance and construction control work.

The trafficability penetrometer, on the other hand, has a more finely divided

scale vhich permits more accurate readings.

* See Department of the Army Technical Bulletin TB ENG 37, dated 10 July

1959.



Use

T. Before the airfield penetrometer is used, it should be inspected
to see that all joints are tight and that the load indicator reads 0. To
operate the penetrometer, the hands are placed symmetrically on the handle,
palms down, as shown in fig. 1. Force is applied to the handle (with the
operator's arms steadied against his thighs) until a slow, st~ady, downward
movement of the instrument occurs. The load indicator is read at the
moment *he base of the cone enters the ground (surface reading) and at
desired depths at the moment the corresponding depth mark on the shaft reaches
the soil surface. A reading is made by shifting the line of vision from
the s0il surface to the indicator Jjust before the desired depth is reached.
Maximum effliciency is obtained with a two-man team in which one man operates
fhe penetrometer, informing the other when the desired depths are achieved.
The other man reads the instrument's load indicator and records the values.
It is also possible for one man to operate the instrument and record the
measurements by stopping the penetration at any intermediate depth, record-
ing previous readings, and then resuming penetration.

8. Observance of the following rules is important in obtaining
accurate data:

&. The instrument should read O when suspended by the handle and
15 when a 150-1b load is applied.

b. The cone and rod should be inspected and cleaned prior to each
use.

¢c. The instrument should be kept in a vertical position while in
use.

d. The rate of penetration should be about 1/2 to 1 in. per sec;
however, slightly faster or slower rates will not materially
affect the readings.

e. If it is suspected that the cone is encountering a stone or
other foreign body at the depth where a reading is desired,
another penetration should be made nearby.

f. The readings should be taken at the proper depths. C(Careless-

ness in determining proper depth is one significant source of
error in the use of the penetrometer.

Maintenance

9. The airfield cone penetrometer is simply constructed of durable
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metals and needs little care other than cleaning and oiling. The calibra-
tion should be checked occasionally. As noted earlier, the load indicator
should read O when the instrument is suspended by the handle and 15 when a
150-1b load is placed on the handle. If an error exceeding about $ percent
is noted the penetrometer should be recalibrated.

Soil-Strength Evaluation with Airfield Penetrometer

10. The number of measurements to be made, the location of the mea-
surements, and other such details vary with each area to be eMned and
with the time available. For this reason, hard and fast rules for evalu-
ating an airfield are not practicable, but the following instructions will
be useful. The information in the following paragraphs applies primarily
to fine-grained soils (silts, clays, etc.) except for paragraph 17 which
offers comments on coarse-grained soils (sands).

Range of readings

11. The airfield penetrometer has a range of O to 15. A reading
near O can occur in a very wet soil, which, of course, cannot support
traffic. A reading approaching 15 will occur in dry, compact clays or
silts and tightly packed sands or gravels. Most aircraft that might be
required to use an unpaved area could easily be supported for a substantial
number of landings and takeoffs by a soil having an airfield index of 15.
Number of measurements

12. Soil conditions are extremely variable; therefore, as many

penetrometer measurements should be taken in a given area as time and cira.
cumstances will permit. The strength range and uniformity of the area will
control the number of measurements necessary. Areas which are obviously
too soft for emergency landing strips will be revealed after a few measure-
ments, as will areas with strengths that ar= more than adequate. In all
areas, it is advisable to test the softest-appearing spots first, since the
softest condition controls the suitability of the area. Soft spots are not
always readily apparent, however, and if the first test results indicate
barely adequate strength, the entire area should be examined. Penetrations
in areas that appear to be firm and uniform may be few and widely spaced,
e.g. approximately every 200 ft along the proposed center line. In areas




of doubtful strength, the penetrations should be more closely spaced, &and
areas on both sides of the center line should be investigated. No less
than three penetrations should be made at each location, and usually five
are desirable. If time permits or if inconsistencies are apparent, as
many as 10 penetrations should be made at each test location.
Depths at which readings should be made

13. Soil strength usually increases with depth, but in some cases
a thin, hard crust will overlie a deep, suft layer or the soil will contain

thin layers of hard and soft material. For this reason, it is recommended
that each penetration be made to a 24-in. depth unless prevented by a very
firm condition at a lesser depth. When penetration cannot be made to the
full 24-in. depth, a hole should be dug or augered through the firm material
and penetrometer readings should be taken in the bottom of the hole to
ensure that no soft layer underlies the firm layer. If possible, readings
should be taken every 2 in. from the surface to a depth of 24 in. Generally,
the surface reading should be disregarded when readings are averaged to
obtain a representative airfield index. )

14. In the normal soil condition, i.e. when strength increases with
depth, the readings at the 2= to 8-in. depths (4 to 10 in. for dry sands
and for soil that will be trafficked by larger aircraft) should be used to
designate the soil strength for airfield evaluation. If readings in this
critical layer at any one test location do not differ more than 3 or b
units, the arithmetic average of these readings can be taken as the air-
field index for the area represented by the reudings. When the range
between the highest and lowest readings is more than about 4, the inter-
preter of the data must use his Judgment in arri ing at a rating figure.
It is suggested that he lean toward the low reudings for conservatism.

15. In an area in which a hard crust less thaun about 4 in. thick
overlies a much softer soil, the readings in the crust should not be used
in evaluating the airfield. For example, if a 3ein.-thick crust results
in an average reading of 10 at the 2-in. depth while the average reading
is 5 below 3 in., the area should be evaluated at 5. If the crust 1is more
than about 4 in. thick, it will probably aid In supporting aircraft, but
the readings bel~w the crust should also be considered in the evaluation.

For example, if the crust in the above instance is 5 in. thick, the rating




of the field would then be about halfway between the 10 of the crust and

the 5 of the underlying soil, or, ccnservatively, 7. Innumerable combina-
tions of crust thickness and strength and underlying soil strength can
occur. Sound reasoning and engineering judgment should be uscd in evalu-
ating such areas.

16. In an area in which a very soft, thin layer is underlain by 2
firmer layer, the evaluation also is a matter of judgment. If, for cxample,
1 to 2 in. of soil with airfield index averaging uabout 5 overlies a soil
with an index of 10, the field can be rated at 10. But if this soft layer
is more than about 4 in. thick, the field should probably be rated at 5. |
Areas of fine-grained soils with very low readings in the top 1 in. or ‘
more are likely to be slippery or sticky, especially if the soil is a clay.
Special treatment for sands

17. Many sands occur in a loose state. Such sands when relatively

o—

dry will show increasing airfield indexes with depth, but the 2-in.-depth
index will often be low, perhaps about 3 or 4. Such sands usually are i
capable of supporting aircraft whose requirements are much higher than |
an airfield index of 3 or k4, because the strength of the sand actually
increases under the confining action of the aircraft tires. Generally,
any dry sand or gravel will be adequate for aircraft in the C-130 class
(60~ to 80-psi tire-inflation pressure), regardless of the penetrometer
reading. This is also true for smaller aircraft with tire-inflation pres-
sures in the 20- to 30-psi range. All sands and gravels in a "quick"
condition (water percolating through them) must be avoided. Evaluation

of moist sands should be based on the penetrometer readings obtained as
described earlier.

Dry lake beds
18. Much data have been collected from dry lake beds in the south-

west United States for use in correlating CBR and airfield index. A study
of these data has shown that the correlation used in this report is not

applicable to some of these sites, particularly in the high airfield-index
range. The CBR's at these latter sites tend to be somewhat lower than
those indicated by the correlation presented herein. Thus, particular
carc should be exercised when using the airfield index of dry lake beds
and, if possible, field CBR data should be obtained.




Effecis of Jeather on evaluation
19. Because soil conditions are immediately and significantly affected
by weather, an evaluation is valid only for the period immediately after

measurements are made. However, it usually can be assumed that the evalua-

tion will remain constant as long as no rain occurs.

Application of Data Obtained

General application
20. Once the airfield index for a given landing strip is established,

its relation to aircraft load, tire-inflation pressure, and anticipated
number of coverages (a measure of load repetitions) must be determined.
Relations of airfield index to these factors have been established from
data gathered over many years. Plate 2 is a nomograph relating single-
wheel or equivalent single-wheel load, tire pressure, airfield index, and
coverages. If the load and tire pressure of the aircraft and the airfield
index are known, it is possible to enter plate 2 and determine the number
of coverages that can safely be made by the aircraft. Plate 3 presents
the procedure for determining the equivalent single-wheel load of aircraft
having multiple-wheel assemblies.

21. Table 1 shows the required airfield index for 1 to 1000 passes
of some of the more common types of cargo aircraft. 1In using plate 2
directly, allowable coverages can be determined. However, this determi-
nation must be converted to aircraft passes for ultimate use. The relation
of passes to coverages depends on the number, width, and spacing of wheels
on an aircraft as well as the degree to which the aircraft can be expected
to wander left and right of a central position. In nearly all cases, it
is adequate to estimate the pass-per-coverage ratio from the following
tabulation which shows the number of passes per coverage of four aircraft

gear configurations.

Gear Configuration No. of Passes per Coverage
Single wheel 5
Twin wheel 3-1/2
Single tandem 2
Twin tandem 2




Table 1

Required Airfield Index for Common Cargo Aircraft

Gross Aircraft Tire-Inflation Normal Load on Single Airfield
Weight Pressure Wheel of Main Gear No. of Index
Aircraft ib psi 1b Passes Required

C-LT 31,000 50 14,000 1.3
25
250
1000

w
N

C-119 66,600 70 15,000 1-3
25
250
1000

c-123 58,100 85 26,100 1-3
25
250
1000

AA\N\O\O ViU OW 0 ™

c-124 175,000 65 39,400 1-3
25
250
1000

C-130 116,000 60 26,100 s
25
250
1000

C-130 135,000 80 30,000 1-3
25
250
1000

]
HVES We W \V)

SO WOoWw

C-133 275,000 95 31,000 ;;3
250
1000

&EFo=

wE vown N&FEOO

c-135 276,000 125 31,000 ;— 3
5
250
1000

Ehow

C-141 317,000 185 35, T00 233
250
1000

[
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Specific determinations can be made using methods given in WES Miscellaneous
Paper No. 4-459, Ground Flotation Requirements for Aircraft Landing Gear,
dated July 1965. lateral traffic distribution widths measured directly in
the field are described in WES Technical Memorandum No. 3-426, Study of
Channelized Traffic, dated February 1956.

Warning
22. Users of the information in this report are warned of its limita-

tions. The curves and tabular information in plate 2 and table 1 are based
on correlations of aircraft performance and airfield indexes. Unfortunately,
these are not exact correlations uniquely relating aircraft performance to
airfield index. As soils vary in type and condition from site to site,

the relation of airfield index to aircraft performance also varies. For

this reason, the curves in plate 2 and the data in table 1 will not in

all cases accurately predict performance. These relations have been
selected so that in nearly all cases aircraft performance will be at least
that indicated. However, it should be recognized that on occasion pertor-
mance may not be quite as good as that indicated.

Sample problem

23. To assist the user of this report, a sample problem and its
solution are presented as follows:
Problem: Can 20 C-124 aircraft make three deliveries each to
a site having an airfield index of 127
Given: The gross weight of the aircraft is 175,000 lbj the
tire pressure is 65 psi. The twin-wheel assembly has 4l-in. center-to-
center (c-c) spacing.
Solutions
20 aircraft X 3 deliveries X 2 passes/aelivery = 120 passes

120 passes = 34 coverages
3-1/2 passes
coverage*

To determine equivalent single-wheel load (ESWL), the
procedure described in plate 3 is used:

* From tabulation in paragraph 21.

10




65 psi
39,400 1b (from table 1)
39,400 = 606 sq in.

=6

Next, the radius of a circle having an area of 000
sq in. is determined:

Tire-inflation pressure
Single-wheel load (SWL)
Tire contact area (A)

1/2 1/2
Equivalent radius (r) = (%) (g—o%) = 13.9 in.

Knowing the equivalent radius of 13.9 in. and the c-c
wheel spacing of U4 in., it is possible to get the
spacing in radii:

C . bl in, .
c-c wheel spacing in radii = LR T 3.16 radii

Next, determine the increase in SWL for adjacent
wheel = 27 percent (from curve in plate 3)

Therefore, ESWL = 1.28 x SWL
= 1.28 x 39,400

ESWL = 50,400
Tire pressure = €5 psi
Airfield index required for 34 coverages = 9.0 (from

plate 2)

Answer: Operations are safe, since required airfield index
(9.0) is less than available airfield index (12).

11
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NOTE :
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